We propose a holographic model for dilepton production in proton-proton collisions through the exchange of vector mesons. The holographic hard wall model is used to describe the dynamics and interactions of vector mesons and baryons. We estimate the parameters λ, µ, ν that characterize the angular distribution of the produced dileptons in a region of q 2 T << Q 2 , where perturbative QCD presents an effective strong coupling due to large logarithm corrections.
INTRODUCTION
Proton-proton collisions provide a very large amount of information important for the understanding of fundamental interactions. These collisions can produce a large variety of particles through many different processes involving strong and electroweak interactions.
Among the observed particles, one can easily distinguish lepton pairs (a lepton and an anti-lepton) usually called dileptons, that can be produced in different ways. Drell and Yan proposed a mechanism, within the parton model, to explain production of dileptons in hadronic collisions [1, 2] . This mechanism consists on the annihilation of a quark from one hadron with an anti-quark from the other. This annihilation leads to the production a virtual particle (typically a photon) that decays into the lepton pair.
The analysis of dilepton production is important to understand the internal structure of hadrons. From the corresponding cross sections one can obtain structure functions related to the distribution of partons inside the hadron.
The differential cross section for dilepton production has an angular dependence that can be characterized by three scalar parameters: λ, µ, ν. These angular parameters have been studied using perturbative QCD and the parton model originally in [3] [4] [5] [6] [7] [8] [9] . For a more recent discussion see [10, 11] and references therein. These parameters have been measured recently for the case of dimuons by FNAL E866/NuSea Collaboration [12] using data from the collision of 800 GeV beams of protons against a hydrogen target. Different hadronic collisions lead to different angular parameters. See for instance the case of proton-deuteron in [13] .
The perturbative QCD calculations for the Drell Yan cross section work well when the transverse momentum of the dilepton is large with respect to the dilepton mass. However, when the transverse momentum is small, the perturbative series involves the product of the (small) coupling constant α S with large logarithm corrections. This combination leads to a series with a strong effective coupling. So, the standard perturbative approach is not reliable in this regime. In this case one needs a resummation to all orders, as discussed in [11] .
Recently, alternative approaches to gauge theories at strong coupling were developed based on gauge string dualities inspired in the AdS/CFT correspondence [14] [15] [16] . In particular these dualities lead to some holographic models to describe non perturbative aspects of QCD known as AdS/QCD (see for instance [17-24, 26, 27] ).
In this article we propose a holographic model to calculate contributions to dilepton production through the decay of a virtual photon in proton-proton collisions. Inspired by vector meson dominance, in our model the virtual photon giving rise to the dilepton comes from the decay of a vector meson. This vector meson is produced by the annihilation of two other vector mesons emitted by the protons. The dynamics and interactions of baryons and vector mesons are described using the AdS/QCD hard wall model [17] [18] [19] [20] . Hadrons correspond to modes of a Kaluza-Klein expansion of five dimensional fields living in an AdS slice. The size of the slice represents a mass gap in the 4-d effective theory. The hadronic masses are determined by the five dimensional wave functions and the boundary conditions while the effective coupling constants arise from the integration of interaction terms in the 5-d action. These masses and couplings are used to calculate the scattering amplitude relevant for the process of dilepton production. For simplicity, we consider only final hadronic states with spin 1/2. Using this model we find the angular distribution parameters λ, µ, ν, for kinematical regimes where the dilepton transverse momenta are small.
In section 2 we review dilepton production in proton-proton collisions. In section 3 we calculate, within the hard wall model, the fermion and vector meson masses and couplings relevant for our model. We present in section 4 our model for inclusive dilepton production and estimate the parameters λ, µ, ν, that characterize the angular dependence of the differential cross section, for kinematical regimes compatible with those analysed by FNAL E866/NuSea Collaboration.
II. INCLUSIVE DILEPTON PRODUCTION IN P-P COLLISIONS
The production of dilepton from a proton-proton collision through the decay of a virtual photon is represented in Figure 1 . Two protons with initial momenta P 1 and P 2 interact producing a time-like virtual photon with momentum q plus some additional hadronic states which are not observed. The virtual photon decays into a lepton and anti-lepton with momenta k 1 and k 2 . This section is based on the extensive discussion of dilepton production presented in ref. [8] . For a more recent study of angular distribution in Drell Yan process, see also [10, 11] .
The differential cross section, for the unpolarized case, can be written as
where s = −(P 1 + P 2 ) 2 and q 2 = −m 2 γ with m γ > 0 the virtual photon mass. The lepton masses were neglected with respect to their momenta and the proton masses were neglected with respect to the center of mass energy √ s.
The hadronic tensor W µν is expressed in terms of the matrix elements of the electromagnetic hadronic current as [29] 
where S H1 and S H2 are the spins of the initial hadrons. On the other hand, the leptonic tensor L µν is defined in terms of the leptonic current as
where S L1 and S L2 are the spins of the leptons and η µν = diag(−, +, +, +).
The most general tensor W µν that satisfies hermiticity, parity constraints and gauge invariance can be decomposed as
where W 1 , W 2 , W 3 , W 4 are the invariant hadronic structure functions that contain the relevant information for the dilepton cross section. These structure functions depend on four scalar variables that are combinations of the momenta P 1 , P 2 and q.
It is useful to introduce the helicity structure functions
where
and η
(q) are the polarization vectors of the virtual photon, in its rest frame, defined in terms of Cartesian unit spatial vectors
The hadronic tensor can also be decomposed in terms of the helicity structure functions as
so that the differential cross takes the form (in the photon rest frame)
where θ and φ are the spherical angular coordinates for the vector k 1 with respect to the Cartesian system X, Y, Z :
In order to compare with experimental results it is interesting to introduce parameters that characterize the angular dependence of the cross section. These parameters are defined
so that
Note that the helicity structure functions depend on the choice of the unit vectors X, Y, Z which must be defined in terms of the momenta P 1 , P 2 and q. There are different possible choices as discussed in [8] . Here we will follow the Collins-Soper frame [9] , which is
Using the coordinate choice given by (12) in eq. (8) and comparing with the expansion of the hadronic tensor in terms of the invariant structure functions given in eq. (4) one finds
Using perturbative QCD and the parton model, one can calculate the angular distribution parameters λ and ν for large q T , as functions of q and q T , finding in the Collins-Soper frame (in our signature where q 2 < 0) [5] 
The angular parameter µ pert can not be written simply as a function of q and q T , even for large q T . Rather, it involves integrals over parton distribution functions, which are not a priori known [11] .
In the following sections we develop a holographic model for calculating the invariant structure functions W 1 , W 2 , W 3 , W 4 and then we estimate the parameters λ, µ, ν for kinematical regimes with small q T .
The kinematical regimes that we will investigate are in the region analyzed recently in ref. [12] , considering dimuons produced in collisions of 800 GeV beams of protons against a hydrogen target. In this reference de range of dimuon masses analysed was 4.5 < m µµ < 15GeV and the transverse momenta is in the region 0 < q T < 4 GeV and 0 < x F < 0.8. The mean values found for the angular distribution parameters were:
In order to compare our results with those of ref. [12] we identify m γ = m µµ .
III. VECTOR MESONS AND BARYONS IN THE HARD WALL MODEL
In this paper we consider the production of dileptons in proton-proton collisions through the exchange of vector mesons. So we need first to describe vector mesons and baryons and their interactions in the hard wall model. For simplicity, we consider that each final hadronic state is just a spin 1/2 baryon. For previous discussions of hadrons in AdS/QCD models see, for instance, [21] [22] [23] [24] .
The hard wall model consists on a 5-d theory living in an AdS 5 slice with metric
where 0 < z < z 0 = 1/Λ and Λ is an IR energy scale for the dual 4-d effective theory. The physical spectrum of the hadronic particles is obtained after imposing boundary conditions at z = z 0 .
A. Wave functions of vector mesons
Consider the action for the non-Abelian 5-d gauge fields in the presence of a gauge-fixing
and T a are the generators of the SU(N f ) flavour group. The constant κ will be related in the following to the normalization of the gauge fields A M . As we are going to show at the end of section IV, this constant will not contribute to the angular parameters λ, µ, and ν.
For the AdS metric (17) and setting A z = 0 we find
where h = h(z) = z 2 /R 2 and η µν is the 4-d Minkowski metric.
Since the z-coordinate is compact, we consider a Kaluza-Klein expansion for the gauge field
where the modes f 0 , f n satisfy Neumann boundary conditions at the IR cut off z = z 0 and regularity conditions f 0 (z) = 1, f n (z) = 0 at the spacetime boundary z = 0.
It is important to remark that the infrared Neumann boundary condition arises from the gauge invariant boundary condition F zµ = 0. The latter is a necessary condition to preserve the U(N f ) gauge symmetry of the vector field in the bulk. An infrared Dirichlet condition is not allowed because it breaks the bulk gauge invariance. For a discussion see ref. [25] .
Imposing the conditions
for the modes n = 1, 2, 3, . . ., and the condition
for the non-normalizable zero mode, we obtain a 4-d effective action
where S int. represents the interactions terms, we defined
are the kinetic parts of the 4-d gauge field strengths.
In order to diagonalize the kinetic terms we redefine the vector field
so that the action takes the form
with g v n = m 
In order to calculate the masses and couplings appearing in eq. (27), we now consider the solutions of eq. (22) with the chosen boundary conditions
where m n z 0 are zeros of the Bessel function J 0 (w), implied by the Neumann boundary condition over f n (z) at z = z 0 . The normalization condition (21) implies that
The solution for the zero mode eq. (23) satisfying the corresponding boundary conditions is f 0 (z) = 1.
The coupling constant g v n takes the form
Now we consider the interaction Lagrangian for three vector mesons
where the triple coupling is
and the dot terms are divergent terms arising from the photon a µ .
In order to calculate the masses and couplings for the vector mesons, it is important to discuss their dependence on the parameters of the model. The masses depend on the IR scale Λ = 1/z 0 (the same will happen in the fermionic case). We will fix this scale Λ in section IV using the mass of the ρ meson. On the other hand, the couplings carry a dependence on the product κR. In particular, using eqs. (30) and (31), one finds that the couplings g v n are
proportional to √ κRΛ 2 , while from eqs. (29) , (30) and (33) one concludes that the triple couplings g v n v m v ℓ contain a factor 1/ √ κR. The factor κR will appear as a multiplicative factor in the hadronic tensor. So, as we will discuss in section IV, it will not contribute to the angular parameters, that involve only ratios of structure functions. So, we do not need to fix a value for this quantity. We show in the appendix A some numerical results for the masses and coupling of the vector mesons, up to these factors.
It is important to remark that the approach to vector mesons in the hard wall model that we considered here is very similar to the one presented in [26, 27] within the D4-D8 brane model.
B. Wave functions of spin 1/2 baryons
In order to describe spin 1/2 states within the hard wall model, we start with the 5-d
Dirac action
where ψ is a 5-d spinor with massM and the covariant derivate is defined as
with γ µ the 4-d Dirac gamma matrices and γ 5 the chirality matrix. The constant κ F will be related in the following to the normalization of the fermionic fields ψ andψ. As we are going to show at the end of this section, this constant will not contribute to the angular parameters λ, µ, ν or to the hadronic tensor W µν .
We consider the Kaluza-Klein expansion
with
. Imposing the conditions
we find the 4-d effective action
where M n are the masses of the baryonic states of spin 1/2 in the 4-d theory. M 1 is identified with the proton mass and M n with n = 2, 3, . . . , correspond to excited states.
The normalizable solutions to the eqs. (38) are
According to the AdS/CFT correspondence, the dimension of the boundary fermionic operator is related to the mass of the bulk fermionic field by
Baryon states in QCD are associated to a fermionic operator with dimension ∆ = 9/2. For this reason we fix the 5-d mass toM R = 5/2.
We have two possible boundary conditions in the wall z = z 0 . We can set φ n (z 0 ) = 0 so that the baryon masses are given by M n z 0 = χ n where χ n are the zeros of the Bessel function JM R−1/2 . From the normalization condition we obtain
Alternatively, we can chooseφ n (z 0 ) = 0 so that the masses are given by M n z 0 =χ n wherē χ n are the zeros of JM R+1/2 . The normalization constants in that case take the form
In this work we choose the boundary condition φ n (z 0 ) = 0 to calculate the structure functions and the angular parameters λ, µ, ν for several kinematical regimes. We also estimate the error associated with this choice of boundary condition by calculating λ, µ, ν for some particular kinematical regimes with the alternative conditionφ n (z 0 ) = 0.
C. Interaction of baryons and vector mesons
We can describe the interaction of two fermions and one vector meson considering the
that comes from imposing invariance of the action (34) with respect to 4-d gauge transformations. Using the Kaluza-Klein expansions for the fields we find
From eqs. (40) and (42) one finds that the above couplings are actually independent of the parameter κ F . Thus, κ F does not contribute to any of our results and does not need However, as we already mentioned in the case of vector mesons, we do not need to fix this quantity either, since it will not contribute to the angular parameters λ, µ, ν.
We show in appendix A some of the numerical results for the masses and couplings of vector mesons and baryons that we used in our calculations.
IV. HOLOGRAPHIC DESCRIPTION OF DILEPTON PRODUCTION
We calculate the contribution to dilepton production represented in the Feynman diagram of Figure 2 . This corresponds to the interaction of two protons with momenta P 1 and P 2 through the exchange of vector mesons v n and v m . These vector mesons combine into another vector meson v ℓ that decays into a time-like photon that eventually gives rise to a lepton pair. At lowest order, the final state corresponding to each proton is one excited baryon. These final baryons are not measured, so the hadronic tensor W µν involves the sum over all possible baryonic states X and Y . Here we will consider only final states X and Y with just one spin 1/2 baryon each.
A. Scattering amplitude
The optical theorem relates the total cross section of proton-proton-photon scattering to the forward scattering amplitude represented in Figure 3 . As a consequence, the structure functions W 1 , W 2 , W 3 , W 4 associated with the hadronic tensor W µν in eq. (4) can be obtained
Feynman diagram for the proton-proton-photon forward scattering.
from the imaginary part of the forward scattering tensor T µν .
From the diagram of Figure 3 and the Feynman rules that come from the 4-d effective
Lagrangians of the previous section we find the amplitude
where u 1 (1) and u 1 (2) are the spinors representing the initial protons with momenta P 1 and P 2 and
Note that the denominators of the fermionic propagators do not appear in eq. (47) since they are transformed into delta functions when one takes the imaginary part of the forward scattering tensor. These delta functions impose on-shell conditions on the momenta P X = (E X , P X ) and
Summing over the spin of the initial hadron 1 we find
where the traces over gamma matrices are
and the dots represent the imaginary term ∓2iǫ λᾱσα whose contribution is negligible. For the sum over the spin of hadron 2 we have a similar result.
In order to perform the integration in the three momenta P X and P Y we choose a frame where P 1 + P 2 − q = 0. That means, we work on the center of momentum frame of final hadrons. However, it should be stressed that the results for the structure functions W 1 , W 2 , W 3 , W 4 are frame independent. Then the integral takes the form
where E F ≡ E 1 + E 2 − q 0 is the energy available for the final hadrons. We can express the three momentum volume in terms of the energy as
Here θ X and φ X are spherical angular coordinates for the vector P X . This way, the delta function can be integrated leading to the condition
Then the momentum integrals in eq. (47) become just angular integrations, i.e.
The integrand depends on the internal momenta P X and P Y (in the Feynman graph of Figure 3 ). In the center of momentum frame of final hadrons, these momenta are expressed as:
. The integrals in θ X and φ X are performed for each term in the sum over vector mesons and fermions.
The amplitude defined in eq. (47) involves sums over all intermediate vector mesons
and final baryons. For the final baryons X and Y , there is a physical condition that sets a natural cut off for the sums, since they are on shell particles. The available energy for them is E F ≡ E 1 + E 2 − q 0 , so, the final states must satisfy:
For the vector mesons, there is no physical cut off since they are off-shell. In our numerical approach, we used the convergence of the sums as the criterion to define how many vector mesons should be summed in the internal lines. We computed the sums over the indices m, n,m,n from 1 to some integer value n max starting with n max = 8 and increasing its value.
We did the same for the indices ℓ,l taking the corresponding sums from 1 to some integer n max2 . We found a good convergence at n max = 15 and n max2 = 25. More precisely, adding one more term to each vector meson sum, that means taking n max = 16 and n max2 = 26 we found a relative variation smaller than 10 −6 in expression (47). So, we used n max = 15 and n max2 = 25 in all our calculations. The relative error in the angular parameters, associated with this cut off, is of order 10 −6 . is not known, since it depends on the unkown parton distribution functions [11] .
In our amplitude (47) we wrote for the propagators of all vector mesons of momentum P and mass m i the expression
This propagator depends on the 5-d gauge fixing parameter ξ so depending on the choice of ξ we may have different effective 4-d models. There are three common gauge choices : i) ξ → ∞ which leads to transverse currents but is hard to implement at high energies, ii) ξ = 1 which does not lead to transverse currents unless we turn on Goldstone bosons and iii) ξ = 0 which leads to transverse currents and has a nice high energy behavior.
As we explained above, the calculation of the dilepton cross section involves momentum integration and several sums over fermion and vector meson masses. For this reason, we found convenient to work with the gauge ξ = 0 where the propagator leads to transversality of the hadronic tensor and has a good numerical behavior in the sense that it reduces to a massless propagator in the limit of large P 2 . We also made some numerical tests with the gauge ξ → ∞ but in that case the mass dependence on the numerator implies a huge running time making very hard to guarantee convergence of the different sums.
B. Numerical set up and results
We fix the size of the hard wall AdS slice z 0 = 1/Λ, by fitting the mass of the ρ meson m ρ = 0.776 GeV. This gives Λ = 0.323 GeV . Concerning the parameter κR that, as Note that µ is not compared with the corresponding perturbative result µ pert since the later it is not known, thanks to its dependence on the unknown parton distribution functions [11] .
discussed in section III, shows up in all the couplings, one can see from the form of the hadronic tensor eq. (47) that it will contribute just to a common multiplicative factor.
So, the same factor will appear in all the structure functions. In particular, the helicity structure functions defined in eq. (8) will share the same multiplicative factor of κR. Thus, the parameters λ, µ, ν, defined as ratios of linear combinations of these objects, will be independent of κR and we do not need to fix it.
In our frame, of the center of mass of the final hadrons, the protons and the photon momenta can be written as
where M 1 = 3.83Λ = 1.2 GeV is the "proton" mass in the model, once the infrared scale was fixed by the mass of the ρ meson. We analyzed different kinematical regimes, contained in the region analyzed from experimental data in ref. [12] . where q T and q p were defined in eq. (13) .
The numerical calculation where performed using the package "Mathematica". From eq.
(47) we computed the diagonal elements of the hadronic tensor W µν . Using these results it is possible to invert eq. (4) and obtain the structure functions W 1 , W 2 , W 3 , W 4 . Then from eq. (14) we obtain the helicity structure functions in the Collins-Soper frame from which we calculate the angular parameters λ, µ, ν defined in eq. (10).
We chose kinematical regimes in the region analyzed in ref. [12] . They covered the range 20 < m In Tables I and II , we show our choices of kinematical regimes and the corresponding results for the angular parameters from our model and from the perturbative expressions for λ and ν (15), since the perturbative expression for µ depends on the parton distribution functions which are not known. In Table I We also present plots comparing our results for λ, µ, and ν with the perturbative ones λ pert and ν pert in Figures 4 and 5 . We see that our model predicts a decrease in the value of λ as q T decreases. This contrasts with the perturbative expectations of λ → 1 when q T → 0.
The mean value < λ >= 0.85 obtained from the available experimental data is lower than the perturbative and greater than our model results.
Now we estimate the error associated with the choice of boundary conditions for the fermions by calculating the angular parameters using the alternative boundary conditioñ φ n (z 0 ) = 0. For this purpose, we calculated again all the fermionic masses and coupling constants for this alternative condition. We compare in table III the angular parameters obtained using the original boundary condition with those obtained using the alternative boundary conditions. From this table we can have some estimative of the relative errors associated with the choice of boundary conditions. We find These results show that the parameter λ has a low sensitivity to the choice of boundary conditions for the fermions. This is the largest angular parameter and the one for which the predictions of our model are robust and closer to both experimental and perturbative results. The experimental results for µ and ν are much smaller and present oscillations. In our model these parameters are very sensitive to the choice of fermionic boundary conditions.
However, the absolute values of our parameters are of the same order of the experimental ones.
V. CONCLUSIONS
As we mentioned in the introduction, the perturbative QCD approach provides a good approximation for the dilepton production cross section when the dilepton transverse momentum q T is large compared to the virtual photon mass m γ . In this approach the hadronic tensor W µν depends, through collinear convolution, on the generalized parton distribution functions and partonic cross sections. The dominant processes are the Drell Yan quark annihilation (qq → γ * ), the quark annihilation with the emission of a gluon (qq → γ * g) and the quark gluon scattering qg → γ * q (where γ * is the virtual photon). However, in the limit of small dilepton transverse momentum (q T ≪ m γ ) the perturbative approach suffers from large logarithmic corrections [11] . Since the data extracted from recent experiments (like the FNAL E866/NuSea Collaboration) include this problematic regime in which the effective coupling is large it is worth to explore alternative approaches to the regime of small q T .
In this article we presented a holographic model where dileptons are produced in protonproton collisions by the exchange of vector mesons. Our approach deals only with dileptons that are produced from time-like virtual photons. The model describes only processes where, after the collision, each proton transforms into a single baryon of spin 1/2. It would be interesting to extend this study in order to include the production of more general final hadronic states, like baryons of spin 3/2.
We applied our model to estimate the cross section parameters λ, µ, ν that characterize the angular distribution of dileptons produced in a proton-proton collision for small q T .
We compared our results for λ and ν with those from perturbative QCD. We found that in the region analysed λ is smaller than λ pert and increases with q T in contrast with the perturbative result. For q T → 0 the perturbative result is λ pert → 1 while our model gives decreasing values for λ.
As a final remark, it is important to mention that there are other processes that can generate dileptons in a proton-proton collision and may contribute to the parameters λ, µ, ν.
Then it would be interesting to explore possible extensions of the present model to include these other processes.
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